Introduction
Despite adult cardiomyocytes are able to enter in mitosis, 1 this capacity does not suffice to prevent the deleterious consequences of diseases characterized by myocardial cell loss.
Growth factors may induce adult cardiomyocytes to enter the cell cycle in in vitro systems, 2, 3 but in vivo this has been achieved only by genetic manipulation or by transfecting transcription factors. [4] [5] [6] On the basis that vascular endothelial growth factor (VEGF) receptors, usually considered to be exclusive of vascular endothelial cells, have been described in cultured rat cardiomyocytes, 7 and that this growth factor activates mitogen-activated protein kinases pathways, 8 we investigated if VEGF gene transfer to the heart may induce cardiomyocyte replication.
We found that direct intramyocardial injection of a plasmid containing the gene encoding rhVEGF 165 (pCMVrhVEGF 165 ) in adult pigs with chronic myocardial ischemia induced a several-fold increase in the number of cardiomyocyte mitosis and nuclear hyperplasia, suggesting that VEGF 165 may induce entrance of cardiomyocytes into the cell cycle and subsequent caryokinesis.
Results

Chronic left circumflex artery occlusion leads to hypertrophy and minimal necrosis
The histological study of the territory supplied by the occluded artery showed a subendocardial fibrotic scar in only three hearts, one (out of eight) belonging to placebo and two (out of eight) belonging to VEGFtreated pigs. In the remaining animals, scattered, small, non-confluent fibrotic scars were present in the mesocardium and endocardium. In no case we observed ongoing cardiomyocyte necrosis or inflammatory infiltrates.
Cardiomyocyte diameter was 22.1 7 0.5 mm in VEGFtreated pigs and 22.2 7 0.5 mm in placebo animals (P=NS), and larger than in normal pigs, 9 indicating that cardiomyocyte hypertrophy was similarly present in both groups.
VEGF 165 gene expression
In hearts receiving pCMVrhVEGF 165 , a positive RT-PCR was present at 3 (n=1/2), 10 (n=2/2) and 16 (n=1/2) days post-treatment (Figure 1 ). At 35 days (n=2) after pCMVrhVEGF 165 injection and in hearts receiving plasmid devoid of gene, RT-PCR was negative.
VEGF increases the cardiomyocyte mitotic index
To assess that the cells in mitosis were cardiomyocytes, we employed a double immunohistochemical technique. The first step consisted in decorating condensed mitotic chromosomes by searching the MCM5 protein and the Ki67 antigen. In a second step, sarcomeric a-actin, a protein present exclusively in striated muscular cells, was demonstrated. As can be seen from Figure 2 , both with MCM5 and Ki67, mitotic chromosomes, orangebrown stained, can be easily identified in cells containing cytoplasmic sarcomeric a-actin, stained in red. We employed enzymatic immunohistochemistry and Nomarski optics to facilitate the search of mitosis because their distribution was focal, a fact that obliged us to scan for each animal about 1000 mm 2 of the whole left ventricular area (average: 1345.7 7 289.7 mm 2 ). Initially, we used the demonstration of Ki67 antigen for chromosome staining. 10 However, in order to double-check the results, we decided to search for one of the minichromosome maintenance proteins, MCM5, essential for chromosome stability and expressed exclusively in cycling cells.
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In a first approach, we used confocal microscopy with fluorescent dyes, considered to be the gold standard for identifying cardiomyocyte mitosis, 1 but we found that with this technique, breakdown of the nuclear envelope was not easily assessed (Figure 3a) , contrasting with tissue sections treated with enzyme-labeled reactants and examined under Nomarski optics (Figure 3b ). Since breakdown of the nuclear membrane marks the entrance into metaphase, its identification is important to differentiate true mitosis, which leads to caryokinesis, from endomitosis, which leads to polyploidization.
The presence of mitotic figures was exceptional in isolated cardiomyocytes, probably because the presence of mitosis was not diffuse. This led us to calculate the mitotic index [number of cardiomyocyte mitosis per 10 6 cardiomyocyte nuclei (CMN)] in tissue sections. Values were then averaged for both the ischemic (posterolateral, lateral and anterolateral walls) and the non-ischemic (septum, anterior and posterior walls) zones.
In comparison with placebo pigs, VEGF-treated pigs had a several-fold higher mitotic index in the ischemic (187.1 7 49.6 versus 35.4 7 9.1 mitosis per 10 6 CMN, Po0.04) and the non-ischemic (36 7 13.6 versus 4.3 7 2.9, Po0.05) areas (Figure 4) . Demonstration of MCM5 
Transfer of the VEGF gene induces cardiomyocyte nuclear hyperplasia
To determine the CMN density (CMN per cm 3 ) we counted for each pig the number of CMN in 1000 isolated cardiomyocytes. The number of CMN per unit volume was calculated as the product of the number of cardiomyocytes per unit volume and the mean number of CMN per cardiomyocyte. As shown in Figure 6 , the number of CMN was significantly higher in the VEGFtreated group (46 765 643 7 2 148 442 versus 37 213 308 7 1 643 437 CMN per cm 3 , Po0.004).
Discussion
Our major finding is that VEGF, the paradigmatic growth factor for vascular endothelial cells, also acts upon the adult cardiomyocyte cell cycle, increasing the mitotic index.
Despite in vitro several growth factors induce the adult cardiomyocytes to enter the cell cycle, 2,3 to our knowledge no evidence exists that they display a similar effect in vivo.
The observation that in VEGF-treated pigs the CMN density was significantly higher than in placebo pigs suggests that the increased mitotic index of the VEGFtreated pigs resulted in nuclear hyperplasia as evidenced by a 25.7% increase in CMN per unit volume. Although we did not observe classical cytokinesis in mitotic 
VEGF gene transfer induces cardiomyocyte mitosis
Laguens et al cardiomyocytes, and that this may discourage the hypothesis that the increased mitotic index and nuclear hyperplasia leads to cardiomyocyte regeneration, it should be recalled that in normal adult pigs more than 50% of cardiomyocytes have 4-32 nuclei, and that nuclear hyperplasia and multinucleation associated with cell hypertrophy is the normal mechanism of growth in the postnatal pig heart. 12 However, since cytokinesis cannot exist without a previous caryokinesis, at least for originating functionally useful cells, we think that experiments favoring entrance of cardiomyocytes in the cell cycle, and especially inducing caryokinesis, may represent important steps towards the main goal of achieving replication of cells that are usually considered to be terminally differentiated.
As occurs in human infarction, 13 we observed in the ischemic territory of control pigs an increased CMN mitotic index. VEGF-treated pigs showed a several-fold higher CMN mitotic index in that area. However, these pigs also showed an increased mitotic index in the nonischemic area. This makes it unlikely that the effect could be due to better perfusion resulting from VEGF-induced angiogenesis, and suggests that the action of VEGF on the cell cycle is independent of ischemia.
With the present data, it cannot be established if VEGF has a direct effect on adult cardiomyocytes or if it upregulates the synthesis of other growth factors such as TGF-b and FGF, which are known to act upon the cardiomyocyte cell cycle. 2, 3 The possibility of a direct action is supported by the data which show that VEGF receptors are present in rat cardiomyocytes, where VEGF has been shown to activate the mitogen-activated protein kinase cascade. 7, 8 An effect of VEGF upon a population of circulating or resident cardiac stem cells, as recently proposed for the human heart, cannot be ruled out. [13] [14] [15] In conclusion, plasmid-mediated VEGF 165 gene transfer to chronically ischemic pig hearts induced a severalfold increase in cardiomyocyte mitotic index and nuclear hyperplasia, a finding that merits further research in terms of the mechanisms involved and its possible applicability in human diseases resulting in myocardial cell loss.
Materials and methods
Experimental design
All procedures were approved by the Laboratory Animal Care and Use Committee of the Favaloro University. Sixteen Landrace pigs weighing 27 7 2 kg were premedicated with intramuscular acepromazine maleate (0.3 mg/kg). Anesthesia was induced with intravenous sodium thiopental (20 mg/kg), and maintained with 3% enflurane. After a sterile left thoracotomy, an Ameroid constrictor was positioned at the origin of the left circumflex coronary artery. Three weeks later, pigs were randomized into two groups and reoperated. The VEGFtreated group (n=8) received pCMVrhVEGF 165 (3.8 mg in 2 ml saline), injected intramyocardially in ten 200 ml aliquots, starting from the normoperfused left anterior descending artery territory (2-3 aliquots) and spanning the basal and mid-zones of the anterolateral left ventricular wall. The placebo group (n=8) received plasmid devoid of gene. Five weeks later, pigs were weighed and killed with an overdose of sodium thiopental followed by injection of potassium chloride.
All experimental steps, specimen analysis and data collection were done in a blinded fashion. The nature of the injectates was also kept blind for all investigators.
Histological studies
The hearts were removed, freed from vessels and subepicardial fatty tissue, weighed and fixed with 10% buffered formaldehyde by retroperfusion. A 5 mm thickness slice of the mid zone of the left ventricular wall was divided into six blocks, corresponding to the septum, and the posterior, posterolateral, lateral, anterolateral and anterior walls. All tissue fragments were embedded in Histowax s , sectioned at 5 mm and stained with hematoxylin-eosin. To look for hypertrophy, we determined the cardiomyocyte diameter at the nuclear level in 200 transversally sectioned subepicardial cardiomyocytes with a digital analysis system (Image-Pro Plus 4.1, Media Cybernetics, Silver Spring, MD, USA).
Plasmid construct
The eukaryotic expression vector consisted of a 4.8 Kb plasmid that includes the VEGF 165 coding gene, transcriptionally regulated by the cytomegalovirus promoter/enhancer. An SV40 terminator is located 3 0 to the VEGF 165 coding gene. Preparation, purification and quality control analyses of the plasmid from transformed E. coli cultures were performed under GMP conditions (Bio Sidus, Buenos Aires, Argentina). The purified plasmid was stored in vials at À701C.
Reverse transcription-polymerase chain reaction (RT-PCR)
RT-PCR was performed in eight additional pigs at 3, 10, 16 and 35 days after treatment with pCMVrhVEGF 165 (n=2 for each time point). Two control pigs were studied 10 days after receiving plasmid devoid of gene. Total RNA was isolated from tissue samples using Trizol reagent (Gibco BRL Life Technologies, Grand Island, NY, USA) and treated with DNAse I (Promega, Madison, WI, USA). RNA was quantified by spectrophotometry at A 260/280 nm. One microgram of total RNA was reverse transcripted using 
Immunohistochemistry
To evidence cardiomyocytes undergoing cell cycle and mitosis, three immunohistochemical techniques were used. (1) Tissue sections were incubated with a monoclonal antibody against the Ki67 antigen (Novocastra, Newcastle upon Tyne, UK) and post-treated with a biotinilated anti-mouse immunoglobulin antiserum (Biogenex, San Ramon, CA, USA). (2) Tissue sections were incubated with a goat antibody against the minichromosome maintenance protein MCM5 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and post-treated with biotinilated anti-goat antibody. Both (1) and (2) were incubated with peroxidase-labeled avidin and revealed with AEC as chromogen. Subsequently, sections were incubated with an anti-sarcomeric a-actin antibody (Dako, Carpinteria, CA, USA) and post-treated with the biotinilated antiserum followed by alkaline phosphataselabeled streptavidin (Biogenex) and Fast Red as chromogen. (3) After incubation with the anti-Ki67 and biotinilated antibodies, sections were treated with fluorescein-labeled avidin (Vector), followed by incubation with rhodamine-labeled phalloidin (Sigma), a protein binding F-actin. The tissue sections treated with enzymelabeled reactants were examined with light microscopy under Nomarski optics and those with fluorescent reactants with confocal microscopy (Zeiss).
Mitotic CMN index
Mitotic CMN index was calculated according to previously described procedures for dog 16 and human 13, 17 hearts. The numerical density of CMN per unit area of myocardium was obtained in each heart by counting in a 5 mm 2 area of the lateral wall mesocardium the number of CMN in longitudinally oriented cells containing sarcomeric a-actin. The number of mitotic figures in CMN was determined in the whole left ventricular wall section. The mitotic index was calculated as [mitosis/ (total scanned area Â CMN density)] Â 10 6 and averaged for the ischemic (posterolateral, lateral, and anterolateral walls) and the non-ischemic (septum, anterior and posterior walls) zones.
Myocyte isolation
Myocytes were isolated from the ischemic area from formaldehyde-fixed hearts according to Gerdes et al. 18 Briefly, a 1 mm cylinder extended from the epicardium to the endocardium was obtained from the lateral wall of the left ventricle (ischemic zone). The tissue cylinders were trimmed into small pieces less than 1 mm 3 and digested overnight in 12.5 M KOH under mild agitation. After three washings in distilled water, the tissue pieces were suspended in 1 ml of water and vortexed vigorously for 2 min. After centrifugation, cells were resuspended in 1% bovine albumin, smeared on Vectabondcoated glass slides, dried, and stained with hematoxylineosin.
Determination of number of CMN per unit volume
The average number of nuclei per cell was determined for each animal by counting the number of nuclei contained in each of 1000 isolated cardiomyocytes. To calculate the number of CMN in 1 cm 3 of heart tissue, we calculated the cardiomyocyte volume by measuring in isolated cells with morphological integrity of the sarcolemma the long axis with the aid of a digital analysis system (Image-Pro Plus 4.1). Cell diameter was measured at the nuclear level on transversally sectioned cardiomyocytes. For volume calculation, cells were assumed to be regular cylinders. The number of myocytes per unit volume was adjusted to 82% of the unit volume (1 cm 3 ) on the basis that 18% of the heart was connective tissue and vessels.
Statistics
Data were analyzed using the Student's t-test for unpaired comparisons. Significance was set at Po0.05. Values are mean 7 SEM.
